Study Objectives: Females demonstrate heightened central sensitization (CS), a risk factor for chronic pain characterized by enhanced responsivity of central nervous system nociceptors to normal or subthreshold input. Sleep disruption increases pain sensitivity, but sex has rarely been evaluated as a moderator and few experiments have measured CS. We evaluated whether two nights of sleep disruption alter CS measures of secondary hyperalgesia and mechanical temporal summation in a sex-dependent manner. We also evaluated differences in measures of pain sensitivity.
Introduction
Chronic pain and insomnia disorders differentially affect females and are major contributors to health care costs and disability [1] [2] [3] [4] [5] . Insomnia-related sleep disruption, including multiple and prolonged nightly awakenings, is one of the most disabling chronic pain comorbidities, affecting 50%-88% of people with chronic pain [6, 7] . Furthermore, epidemiological studies demonstrate that self-reported sleep disruption (i.e. sleep maintenance problems) confers a two-to-three-fold risk of developing a new chronic pain disorder, particularly in females [8] . Moreover, sleep disruption predicts the emergence, progression, and persistence of musculoskeletal pain [8] [9] [10] , risk of transitioning from acute to chronic pain, and progression of localized regional pain to a widespread disorder [11, 12] .
The mechanisms by which sleep disruption increases risk for chronic pain remain largely unknown [13] . Experimental studies demonstrate that sleep loss increases pain sensitivity measured via quantitative sensory tests of pain threshold and tolerance [14] [15] [16] [17] [18] . However, these measures convey minimal information about possible alterations in central or peripheral pain processing that might explain the paths linking sleep disruption and chronic pain. Moreover, the possibility that sex influences the effects of sleep disruption on these measures has largely been neglected [14] [15] [16] [17] [18] .
In contrast, measures of central sensitization (CS), a core feature of chronic pain etiology [19, 20] , provide an assessment of possible neuroplastic alterations and aberrant responsivity of central nervous system nociceptive neurons to normal or subthreshold afferent input. Quantitative sensory tests of CS in humans assess both pain facilitatory and inhibitory responses [21, 22] and hence are especially relevant to understanding the mechanisms of chronic pain in which both deficient pain inhibitory capacity and increased pain facilitation are often found [23] . Recent data also suggest that there are sex differences in vulnerability to CS, consistent with sex differences in chronic pain risk, which have implications for higher prevalence of fibromyalgia, migraine, chronic widespread pain, and persistent postoperative pain in females when compared with males [24] [25] [26] .
Experimental sleep disruption may also alter measures of CS. For example, two studies, focusing exclusively on female cohorts and using CS measures of pain inhibition, demonstrated that two consecutive nights of sleep disruption impaired pain inhibition in healthy women [27, 28] , and that one night of total sleep deprivation impaired pain inhibitory capacity in females, but not males [29] .
Similarly, sleep disruption is suggested to alter CS measures of pain facilitation, including mechanical secondary hyperalgesia (2° HA) and temporal summation (TS). With respect to 2° HA, this measure has specific relevance to chronic neuropathic pain pathophysiology, which can be experimentally modeled by administration of subcutaneous or topical capsaicin [30] , a selective vanilloid-receptor excitotoxin [31] . Briefly, the treated area is heated to sensitize primary afferents [30, 32, 33] , and 2° HA develops to mechanical stimulation in the surrounding untreated skin, dependent on hyperexcitability of spinal dorsal horn interneurons [34] [35] [36] and expansion of the receptive fields of A-fibers [37] . A single cross-sectional study reported that short sleepers demonstrate increased 2° HA [38] , but few studies have evaluated sex differences in 2° HA [39] [40] [41] , and to the best of our knowledge, no study has assessed the effects of any form of experimental sleep loss on 2° HA and related sex differences.
TS is enhanced in a variety of chronic idiopathic and musculoskeletal pain disorders such as fibromyalgia and temporomandibular joint disorder [42, 43] . Heightened TS correlates with increased risk of chronic pain [43] [44] [45] [46] [47] and is implicated in the development of acute and chronic postoperative pain [48] . Briefly, TS can also be experimentally modeled by demonstrating enhancement of pain caused by repeated noxious stimulation, due to sensitization of secondorder dorsal horn neurons in the spinal cord [49] [50] [51] . A single cross-sectional study found that insomnia severity is associated with heightened TS in females with knee osteoarthritis [52] . Unfortunately, experimental data linking sleep loss and TS are limited [29, 53] , and no study has examined sex differences in TS in response to sleep disruption.
To address these gaps, this study used an experimental model of sleep disruption which produces a profile of multiple, prolonged nocturnal awakenings, similar to what is observed in chronic pain patients with insomnia [54] . The primary objective of the current investigation was to evaluate the effects of two nights of experimental sleep disruption (forced awakenings, FA) on CS measures of pain facilitation, 2° HA and TS. The secondary objective was to examine whether the effects of FA on 2° HA and TS responses differ by sex. Additionally, given the absence of research on biological variability of pain responses to sleep loss [29] , we also explored effects of sleep disruption on quantitative sensory testing measures of heat-pain threshold, pressure pain threshold, cold pain tolerance, and skin flare reaction to heatcapsaicin while investigating potential sex differences.
Methods

Participants
The current report presents data from 79 healthy, good-sleeping participants (46 females and 33 males) enrolled in a randomized controlled, single-blinded, crossover experiment, which was conducted over 5 days during two separate inpatient admissions to the Johns Hopkins Bayview Medical Center, Clinical Research Unit (CRU) in Baltimore, MD. Baseline demographics and clinical characteristics of the sample are presented in Table 1 . Participants were recruited via community fliers, print, and electronic media. After passing a phone screen, participants completed three screening visits to determine eligibility. Inclusion and exclusion criteria are listed in Table 2 . All participants completed informed consent. The protocol was approved by the Johns Hopkins University Institutional Review Board and complies with the Declaration of Helsinki. Figure 1 is a study design schematic and consort diagram describing participant flow through the protocol. Eighty-five participants were randomized. At Visit 4, prior to obtaining any QST data, four participants dropped out and two were removed (one for low blood pressure and one for cardiac arrhythmia found on polysomnography [PSG]).
Study design and overview
Briefly, after a PSG screening/adaptation night, participants underwent two consecutive nights of either FA or undisturbed sleep (US). The order of this within-participant sleep condition was counter-balanced (randomized) with a minimum 2 week washout period of habitual sleep in their home environment, before completing the opposing sleep condition. For safety, participants were provided an opportunity for a third night of recovery sleep following the FA protocol (not included in the data analysis).
The day after the second night of both FA and US, participants completed the quantitative sensory testing protocol, starting with a precapsaicin assessment of mechanical TS, and heat and pressure-pain threshold testing (order randomized). Following completion of precapsaicin testing, participants then underwent the heat-capsaicin sensitization procedure, followed by postcapsaicin testing, including 2° HA, skin flare testing, and cold pressor pain tolerance (Figure 2 ).
Screening phase
At Visit 1, participants completed informed consent, a urine toxicology screen, anthropometry, and the following standardized questionnaires: Pittsburgh Sleep Quality Index [55] , Epworth Sleepiness Scale [56] , Brief Pain Inventoryshort form [57] , and a Health History Form [58] . The Epworth Sleepiness Scale and Pittsburgh Sleep Quality Index have well established cut-off criteria demarcating excessive daytime sleepiness [59] and poor sleep [60] , respectively. The Health History Form obtained detailed information related to medical disorders, pain history, medications, and health behaviors (caffeine, exercise, etc.). Women completed detailed information related to their average menstrual cycle length, use of birth control, and first and last days of most recent menstrual cycle. The Structured Clinical Interview for DSM-IV Psychiatric Disorders Patient Questionnaire [61] identified the presence of current Axis I disorders, including substance abuse, for exclusion. The Structured Interview for Sleep Disorders [62] was used to identify and exclude the presence of any sleep disorder by history. The Time-line Follow-Back procedure [63] was used to obtain opioid use history. Participants were trained on standard electronic PDA Sleep and Pain Diaries [64] [65] [66] [67] , which they completed daily for 2 weeks at three periods during the study: (1) screening prior to Visit 2; (2) prior to the first inpatient stay (Visits 3 and 4); and (3) prior to the second inpatient visit (Visit 5) to confirm normal sleep and pain-free status. Morning entries queried information to calculate sleep continuity parameters. Evening entries queried for daytime pain [57] , fatigue, naps, medications, and menstruation status. We estimated the menstrual phase of our female participants using the daily sleep diaries data and self-reported information about cycle length from their Health History Form. We identified the following phases: early follicular-participant was estimated to be in days 1-6 of her cycle; ovulatory phase-participant was estimated to be in sensory-testing procedures, including the heat-capsaicin procedure as described below. Pretesting is routinely performed, especially with the capsaicin pain model because a small percentage of participants experience no pain from the procedure. Pretesting also served to rule out participants who experienced such high levels of pain (>85/100) that sleep deprivation would likely make the procedure intolerable and induce drop out. As shown in Figure 1 , 12 (6%) participants ruled out because they did not experience pain from capsaicin and three (1.5%) ruled out because pretesting capsaicin pain was too intense.
Twenty-four hours prior to and during CRU inpatient admissions (Visits 3-5), participants refrained from taking analgesics, hypnotics, and other centrally acting (e.g. caffeine) or anti-inflammatory agents. Visit 3 served as an adaptation night and additionally screened for occult sleep disorders. Registered PSG technicians conducted a nocturnal polysomnogram according to standard technical guidelines [68] . Participants were provided an 8 hr sleep opportunity in a private room. Lights out occurred at the participant's average bedtime per diary. We used the American Academy of Sleep Medicine-recommended placement for electroencephalography, electrooculography, electromyography, and electrocardiography, acquiring electrophysiological signals using an Embla N7000 polysomnograph. Respiratory function and effort were measured via orinasal thermistor, nasal air pressure transducer, pulse oximetry, and abdominal and thoracic plethysmography belts. After Visit 3 (Night 1 of inpatient stay), we abbreviated the montage, removing anterior tibialis EMGs and all respiratory sensors. All records were scored according to the American Academy of Sleep Medicine guidelines, by a registered PSG technician and reviewed by a board certified in sleep medicine physician. Both were blind to study hypotheses. The morning after Night 1, the screening PSG was reviewed, and those participants exhibiting an apneahypopnea index score of >10 or periodic limb movement with arousal index of >15 were ruled out and referred for clinical care.
Experimental phase
Participants passing Visit 3 remained in the CRU and were randomized to receive either FA or US as their first sleep condition for Visit 4. Participants randomized to receive FA first (two continuous nights of disrupted sleep) completed their US sleep condition (Visit 5) after a minimum 2 week washout period. Similarly, participants first randomized to receive two nights of US returned a minimum of 2 weeks later to complete two nights of FA (Visit 5). Participants were not permitted to sleep outside their prescribed nocturnal schedule or leave the CRU during their inpatient stay (Visits 3-5). Nursing staff continuously monitored, maintained, and regularly documented wakefulness. Participants were provided a standard heart healthy diet free of fried, high-fat and high-sodium foods. Breakfast was served around 7:30 am, lunch at 12 pm (except during quantitative sensory testing, when lunch was served at 3 pm), and dinner by 5:30 pm.
Sleep conditions
Forced awakenings
The FA condition was conducted on each of two consecutive nights as described previously [27] . Briefly, an 8 hr sleep opportunity period starting from lights out was divided into eight, 1 hr intervals. One of the intervals was randomly determined to be a 60 min awakening, during which no sleep was permitted. Each of the remaining seven 60 min intervals were subdivided into tertiles (three 20 min blocks). A forced 20 min awakening was randomly scheduled to occur in either the first, second, or third tertile of each hour. During FA, PSG signals were monitored and nursing staff kept participants awake by having them sit up in bed with the lights on to reduce the chance of microsleep. The maximum total sleep time (TST) possible was 280 min. Figure 2 depicts the precapsaicin pain testing, heat-capsaicin sensitization procedures, and postcapsaicin pain testing. Precapsaicin testing began roughly 2 ½ hr following breakfast and postcapsaicin testing was conducted at approximately 11 am, following the two consecutive nights of the US and FA sleep conditions. A pharmacological intervention and additional sensory testing sessions were conducted after the postcapsaicin testing session, as part of a different set of research aims, which will be presented in a future report. All technicians and staff conducting pain-testing procedures completed a rigorous training process that included interrater reliability testing (Κ > .80). All assessments were conducted by staff who were blind to participant conditions and hypotheses.
Undisturbed sleep
Daytime quantitative sensory testing procedures and protocol
Precapsaicin quantitative sensory testing measures of mechanical TS and pain threshold
Trials of mechanical TS, heat-pain threshold, and pressure-pain threshold (pPTH) were conducted in a randomized order according to standardized testing procedures used in our laboratory.
Mechanical temporal summation
TS refers to the central nervous system enhancement of pain caused by repeated noxious stimulation [45] . To evaluate TS of mechanical pain, a custom-crafted, weighted pinprick stimulator with a flat contact area of 0.2 mm diameter, calibrated to deliver 512 mN of force was used. Pain ratings ("0" = "no pain" and "100" = "the worst pain imaginable") were obtained in response to a single punctate stimulus and in response to a sequence of 10 identical punctate noxious stimuli using similar procedures as described previously [69] . One TS trial was performed bilaterally on the ventral surface of the forearm. After rating the single pinprick stimulus, the technician administered the train of identical 10 pinprick stimuli at a 1/s rate within an area of 1 cm 2 . After the train, patients rated the peak pain experienced during the sequence. A wind-up ratio (WUR) was calculated as the peak pain rating of trains divided by the pain rating of the single stimuli [69] . We assigned a minimum value of 1 in order to calculate the WUR in cases when a participant rated the initial or peak rating as zero.
Heat-pain threshold
Heat-pain threshold (hPTH) was assessed via a computer driven, peltier-element-based stimulator (Medoc TSA II, neurosensory Analyzer, Ramat Yishai, Israel) with a 9 cm 2 advanced thermal stimulation thermode according to similar procedures detailed previously [58] . Briefly, hPTH was assessed on the ventral forearm using an ascending method of limits paradigm; from a 32°C baseline, the temperature was steadily increased at 0.5°C/s until the participant reported the first sensation of pain. We conducted two trials separated by >3 min. The thermode was affixed via Velcro straps to ensure even skin contact and repositioned to an adjacent site after each trial to avoid sensitization. We averaged the two temperatures from both trials to index hPTH.
Pressure-pain threshold
To measure pPTH, patients completed two trials at the metacarpophalangeal joint of thumb, bilaterally, according to procedures described previously [70] . A 2 min interval between trials was maintained. The technician used a digital algometer (SBMEDIC Electronics, Solna, Sweden) with a 1 cm [2] hard rubber probe and pinch handle attachment to apply pressure steadily at a constant rate of 30kPA/s, until the patient indicated that the stimulus "first feels painful." An average of all four pressure measurements obtained was used in statistical analyses.
Heat-capsaicin sensitization and postcapsaicin quantitative sensory testing
We utilized procedures similar to established, published protocols [32, 71] , using a Medoc TSA II, computer-driven device with a peltier thermode. The procedure involves a 35 min sensitization period (Figure 2 ). A 9 cm 2 treatment site, the size, and shape of the thermode were randomly assigned and marked on either a lower or upper, nonoverlapping surface of the ventral forearm. Lower and upper treatment sites were counterbalanced across admissions. We selected sites that did not overlap with the site where hPTH was previously assessed. The thermode was secured on the skin with velcro straps and heated at 45°C for 5 min. An open square, raised adhesive frame patch (internal dimensions same as thermode), was then immediately applied to the borders of the treatment site and 0.35-0.40 g capsaicin cream (0.1% capsaicin, Capzasin HP for Arthritis Pain Relief) was evenly spread onto the skin, covered with Tegaderm, and permitted to absorb for 30 min. The raised frame prevents spillage or leakage of capsaicin outside the treatment site. Capsaicin was then removed and postcapsaicin testing was performed in the sequence and as described below.
Secondary hyperalgesia
We quantified the area of 2° HA to mechanical stimulation using a 5.18 (15.0 g) von Frey filament by stimulating along eight linear paths around the capsaicin treated site in 5 mm increments, at 1 s intervals [32] . The 15.0 g filament is a nonpainful stimuli, typically perceived as light touch. Stimulation started well outside the hyperalgesic area and continued towards the treated area until the participant reported a change in sensation. The border was marked on the skin with a pen and traced to acetate paper. The degree of 2° HA was quantified by calculating the surface area using a planimeter (Planix 10S).
Skin flare
Following removal of the capsaicin, the surface area of redness, or "flare," induced by the capsaicin was traced from the forearm onto a sheet of acetate paper and measured using a digital planimeter (PLANIX 10S). Flare is a neurogenic inflammatory response (axon reflex vasodilation) associated with capsaicin [72] .
Cold pressor-pain tolerance testing
Cold pressor tolerance (CPT) was conducted last, after 2° HA and skin flare testing due to potential carry-over effects of this procedure [58] . There was a 10 min time differential between skin flare testing and CPT. Participants immersed their hand of the noncapsaicin-treated arm up to their wrist in a circulating, cold water bath (4°C) for as long as possible, up to an uninformed 5 min (300 s) maximum time limit [73] . When the sensations became intolerable, participants removed their hand and the duration of submersion was recorded as the index of CPT.
Data analytic strategy
Mixed-effects modeling using restricted maximum-likelihood estimation was used to evaluate primary hypotheses due to the within-participant design, which allows for estimation of both intraindividual and interindividual variations [74] . A random intercept was included in all models. The distribution of residuals for each model was inspected for normality, and dependent variables were log-transformed (natural log) in the presence of non-normal residuals. This was necessary for two of the dependent variables: TS and cold water tolerance. The primary effect of interest in all models was the 2 × 2 interaction of sleep condition (US vs. FA) × sex (male vs. female).
If the interaction was not significant, it was removed from the model and the main effects of sleep condition and sex were interpreted. All models covaried age, race, ethnicity, and BMI, which have been shown to vary as a function of sleep [75] [76] [77] [78] . Menstrual phases were covaried to account for variation across women in menstrual cycle at the time of testing. Nonsignificant covariates (p > .2) were removed from final models. Analyses were performed in R (version 3.3.3) and lme4 for mixed-effect estimation (version 1.1.13).
Results
Participant characteristics
Demographics and other participant characteristics of the 79 participants contributing at least partial quantitative sensorytesting data are presented in Table 2 . The sample was young and racially diverse. Consistent with the inclusion criteria, participants were nonobese and had normal blood pressure and reported good sleep quality, as measured by the Pittsburgh Sleep Quality Index. Thirty-five per cent of the females reported taking hormonal contraception.
Manipulation check: effects of sleep disruption on sleep continuity and architecture
Review and analyses of sleep diary data demonstrated that participants reported similar average mean sleep latency (SL; 12.87 ± 12.08 min), wake after sleep onset (WASO; 6.76 ± 8.96 min), TST (455.3 ± 47.36 min), and sleep efficiency (SE; 95.8 ± 3.00%) during the screening period and the week prior to the US and FA conditions, all within the normal range for these parameters [79, 80] .
Means and standard deviations of PSG-derived measures of sleep continuity and architecture, organized by sleep condition and sex, are presented in Table 3 . Averaged over US Nights 1 and 2, male and female participants did not differ on any PSG-measured parameter of sleep continuity, including SL, WASO, TST, or SE, or on any measure of sleep architecture (Stages N1, N2, N3 nonrapid eye movement [NREM] [minutes or percentage of TST]), or REM (rapid eye movement) latency (p >.18). Confirming the efficacy of the manipulation, averaged across Nights 1 and 2, the FA condition significantly reduced TST and SE and increased WASO across participants (both sexes analyzed separately; p < .001). We found a significant sex × sleep condition interaction effect such that males evidenced a significantly greater loss of TST (p < .005) and decrement in SE (p < .05), as a result of the FA manipulation (averaged across nights) compared with females.
With respect to sleep architecture, averaged across Nights 1 and 2, the FA condition significantly reduced the number of minutes spent in Stages N2, N3, and REM and significantly decreased REM latency in all participants (both sexes analyzed separately; p < .001).
Minutes spent in Stage N1 significantly increased from US to FA in females (p < .005) but not males. We found a significant sex × sleep condition interaction such that males evidenced significantly greater reductions in both Stage N3 and REM than females (averaged across Nights 1 and 2; p < .05).
Effects of sleep disruption on 2° HA
For all statistical models described below, Table 4 provides a summary of the full mixed-effects models, including intercepts, covariates, effect coefficients, and error terms. For 2° HA, initial tests revealed that race, ethnicity, age, and BMI were nonsignificant and failed to contribute to model fit and were removed from the final analyses. In the resulting model, there was a significant sleep condition × sex interaction (B = 1008.13, SE = 366.56, t = 2.75, p = .006). As displayed in Figure 3A , the interaction was characterized by an increase in 2° HA from US to FA that was evident in males but not females. Post hoc tests confirmed that FA induced a significant 792 mm 2 increase in 2° HA in males (p = .008), with no significant effects in females (−215 mm 2 decrease; p = .332). Because our manipulation check found that males demonstrated significantly greater decrements in TST, SE, REM sleep, and N3 during the FA challenge, we conducted secondary analyses to adjust for sleep at each condition in order to determine whether this differential sleep loss might explain the finding that males, but not females, demonstrate increased 2° HA due to FA. To accomplish this, we created four binary variables (dummy coded) indicating whether the participant had a specific sleep parameter in the top or bottom 25% for US and FA, respectively. We then included these dummy codes in the primary statistical models and evaluated whether they modified the magnitude or the significance of the sleep condition × sex interaction terms or any of the main effects. We did this for each of the PSG sleep parameters separately (TST, SE, REM minutes, and N3 minutes) for 2° HA. We found that neither the significance (all p's < .005) nor the magnitude of the sleep condition × sex interaction changed substantively. We obtained similar findings when we included mean sleep parameters as covariates instead of the upper and lower quartile dummy codes. These analyses indicate that differential sleep by sex at each sleep condition did not alter the significant sleep condition × sex interaction found for 2° HA.
Effect of sleep disruption on mechanical TS
There was a significant sleep condition × sex interaction on TS [B = −.34, SE = .15, t = −2.33, p = .02]. As displayed in Figure 3B , the interaction was characterized by an increase in TS from US to FA that was evident in females but not males. Post hoc tests confirmed that FA induced a significant increase of .185 in WUR from US to FA (p = .042) in females, whereas no significant effects were observed in males (−.151; p = .191). Of note, analyses revealed that out of 611 data points collected, only 23 (3.8%) of those rated as having 0 both at the first and tenth weighted probe contact. Four participants reported greater pain at the initial probe contact compared with the tenth; however, the differences between them were small. We utilized transformed data because raw WUR data have the potential to influence group means and to enforce symmetry of the models residuals. We conducted additional analyses using delta-change scores (peak-first prick), which is sometimes used instead of WUR and observed no change in consistency in the effect direction, shape, or significance of the findings (p < .05).
Because our manipulation check found that females demonstrated significantly less decrement in TST, SE, REM sleep, and N3 during the FA condition, we conducted secondary analyses similar to those performed on the 2° HA data, to evaluate whether sex differences associated with these sleep variables might explain the TS findings. We included the upper and lower quartile dummy codes for each of the four sleep parameters at FA and US in four separate models (one sleep parameter in each model). Similar to the 2° HA findings, neither the significance (all p's < .004) nor the magnitude of the sleep condition × sex interaction changed substantively for TS. This indicates that the small, but significant differential resilience to FA in females does not account for the finding that females, under FA, demonstrated increased TS relative to males.
Menstrual phase characteristics and effects on the models
During the US condition, 10 women were menstruating, 10 women were estimated to be premenstrual, and no women were estimated to be ovulating. Under the FA condition, 12 women were menstruating, 10 were premenstrual, and two were estimated ovulating. To evaluate whether menstrual cycle might explain sex differences observed for 2° HA or TS, we incorporated each of these menstrual phases as covariates into the mixedeffects models. Ovulation was found to be a significant covariate for pPTH (p < .005), and premenstrual was found to be significant or heat-pain threshold (p < .001). Although there was a reduced number of women categorized in each menstrual phase group, we included these covariates in the heat and pPTH models because they significantly improved model fit by explaining a substantial amount of variance. Despite this, there was no significant interaction of sleep condition × sex for these measures. For the remaining quantitative sensory-testing measures, menstrual phases were nonsignificant covariates that failed to contribute to model fit and thus removed from the overall model.
Effects of sleep disruption on measures of pain threshold, tolerance, and skin flare
For all statistical models described below, Table 4 provides a summary of the full mixed-effects models, including intercepts, covariates, effect of coefficients, and error terms. lower hPTH following FA compared with females ( Figure 4A ). In this model, the premenstrual phase covariate was statistically significant (B = −1.42, p < .001) such that women estimated to be in the premenstrual phase of their cycle had lower heat-pain thresholds.
Heat-pain threshold
Pressure-pain threshold
Initial tests revealed that race and ethnicity were not significant and failed to contribute to model fit. In the resulting model, neither sleep condition (p = .91) nor sex (p = .33) was significantly associated with pPTH. Additionally, the sleep condition × sex interaction was not significant (p = .36).
Cold-pain tolerance
Initial tests revealed that menstrual phase and age were nonsignificant and failed to contribute to model fit. The resulting model showed a significant main effect for sleep condition (B = −.15, SE = .06, t = −2.38, p = .02), reflective of a decrease in CPT following FA relative to US ( Figure 4B ). Neither sex (p = .61) nor the sleep condition × sex interaction (p = .39) was significant.
Skin flare response to heat-capsaicin
The mixed-effects model showed significant main effects for sex (B = −523.21, SE = 225.76, t = −2.32, p = .02), and a trend for a main effect of sleep condition (B = 246.96, SE = 144.05, t = 1.7, p = .08). The interaction of sleep condition × sex was not significant (p = .95).
As shown in Figure 4C , females evidenced a greater hyperemic response than males, and both sexes evidenced a trend for an increase in hyperemic response following FA compared with US.
Discussion
The primary objective of this randomized crossover experiment was to evaluate whether sleep disruption due to FA, compared with undisturbed sleep (US), alters 2° HA and mechanical TS in a sex-dependent manner. We found divergent, sex-dependent effects of FA on 2° HA and TS such that sleep disruption significantly expanded the surface area of 2° HA in males, but not females, and significantly increased TS in females, but not males. These novel findings suggest that sleep disruption enhances CS and increases risk for chronic pain in both males and females via different central pain facilitatory pathways and compliment an emerging literature that sex also moderates the effects of sleep loss on CS measures of pain inhibition [27] [28] [29] . A secondary objective was to evaluate whether sex moderates the effects of sleep disruption on measures of pain sensitivity and tolerance. We found that sleep disruption significantly reduced hPTH and CPT similarly in both males and females, and observed no effect of FA on pPTh. We found a trend toward increased skin flare after FA, and a significant overall sex effect with females demonstrating greater hyperemia, irrespective of sleep condition.
Sleep disruption enhances 2° HA in males but not females
To the best of our knowledge, this is the first study to evaluate the effects of any form of experimental sleep loss on 2° HA, a measure of spinal CS [20] . These data extend a cross-sectional finding that healthy individuals reporting <6.5 hr/night demonstrate increased 2° HA compared with those sleeping ≥6.5 hr per night [38] , by providing experimental evidence that sleep disruption augments 2° HA in males. Classic studies using anesthetic blockades demonstrate that 2° HA fails to develop without spinal involvement [35] . Studies using capsaicin have shown that 2° HA develops to mechanical, but not heat, stimulation in untreated skin [34, 35, 81, 82] . This enhanced sensitivity is dependent on the hyperexcitability of secondorder spinal dorsal horn nociceptors [34] [35] [36] , which expand the receptive fields of mechanosensitive (capsaicin insensitive) A-fibers to transduce pain from normally nonpainful mechanical stiumulation [37] . Spinal functional magnetic resonance imaging (fMRI) imaging shows that 2° HA corresponds to increased activity in spinal dorsal gray matter with concomitant supraspinal deactivation of descending inhibitory pathways in the rostral ventromedial medulla and dorsolateral pontine tegmentum [36] . The molecular mechanisms by which these nociceptors in the spinothalamic tract are sensitized to heat with low intensity stimulation of peripheral mechanoreceptors, outside the primary zone of capsaicin treated skin, have yet to be fully elucidated. Secondary hyperalgesia can be blocked by spinal administration of glutamate and/or substance p receptor antagonists, suggesting a major role for these neurotransmitters in this form of CS [83, 84] . Both preclinical and recent molecular imaging studies suggest that sleep deprivation enhances N-methyl-D-aspartic acid (NMDA) glutamate receptor function in the central nervous system, supporting the possibility that alterations in glutamatergic synaptic neuroplasticity may be one potential mechanism by which sleep disruption induces 2° HA [85] [86] [87] . Mechanistic studies using animal models are needed to investigate this possibility.
The finding that sleep disruption induces 2° HA is clinically significant because the sensory features of 2° HA, including pain sensitivity to light touch (allodynia) and referred pain, are similar to those observed in neuropathic pain conditions [81, 82, 88] . Indeed, the capsaicin model is the most widely used human model of neuropathic pain [30] . Consequently, our current data suggest that males with sleep disruption may be at heightened risk, compared with males without sleep disruption, for chronic neuropathic pain disorders. Insomnia-related sleep disruption is one of the most prominent symptoms associated with neuropathic pain, linked to greater pain intensity and persistence [89] [90] [91] [92] . Together, these data and the current finding that sleep disruption may contribute to CS in males support the possibility that insomnia treatments, such as cognitive behavioral therapy [93] , which consolidate and lengthen sleep, may prevent the development of chronic neuropathic pain in males and/or improve treatment response.
Few studies have evaluated whether there are general sex effects in heat-capsaicin-induced 2° HA and have yielded conflicting results. Jensen et al. found that females demonstrated heightened 2° HA sensitivity to brush stimulation but not von Frey stimulation [39] . Two studies of intradermally injected capsaicin found enhanced mechanical 2° HA in females compared with men [40, 41] . None of these studies assessed or controlled for sleep disturbances. Given the high prevalence of insomnia and insufficient sleep in neuropathic pain, our findings argue for the need to measure sleep as an important potential confounder in studies evaluating sex differences in pain sensitivity and 2° HA.
Interestingly, although the FA sleep manipulation robustly affected both sexes, we found that males demonstrated greater disruption in sleep architecture (stages REM and N3) and SE, losing 25 min more TST averaged over two nights of FA compared with females. The possibility that human females may be more resilient to sleep disruption is a novel finding requiring replication, which is not without preclinical precedent [94] . This raises the possibility that the observed effect of FA on 2° HA might be due to differential sleep loss in males. Our secondary analyses, however, demonstrated no significant alterations in the significance of the sleep condition by sex interaction when sleep parameters were controls in the models. This indicates that the degree of differential sleep loss does not account for the significant sex × sleep condition interactions on 2° HA. Future studies are needed to elucidate distinct physiological and molecular responses to sleep disruption that may explain why males develop 2° HA after sleep disruption, but females do not.
Sleep disruption enhances TS in females, but not males
We found that sleep disruption significantly increased TS selectively in females. To the best of our knowledge, this is the first study to evaluate whether experimental sleep disruption alters TS. In humans, TS refers to the enhancement of pain intensity caused by repeated noxious stimulation that is held at a constant intensity. Animal studies have shown that TS (wind-up) involves sensitization of second-order dorsal horn C-fibers in the spinal cord [49] [50] [51] 95] . Moreover, TS has been robustly implicated in pathophysiological models of chronic pain [21, 22] . TS is enhanced in a variety of idiopathic chronic pain disorders [43, [45] [46] [47] and predicts the development of chronic postoperative pain [48] . Cross-sectional studies have found that reduced SE and insomnia symptoms are associated with enhanced TS [96] . A knee osteoarthritis study found a sex effect, consistent with our findings; insomnia was associated with TS in females, but not males.
Two experimental studies, however, found that a single night of total sleep deprivation did not significantly alter TS in either sex [29, 53] . This suggests that the effect may be specific to sleep disruption. The impact of two nights of sleep disruption may be physiologically distinct from the effects of one night of total sleep deprivation. Future studies are needed to replicate and directly compare the moderating effects of sex on TS using different types of sleep loss.
The vast majority of the evidence indicates that TS is more pronounced in females [24, 25] , and therefore, the current finding raises the possibility that one of the factors contributing to the higher prevalence of chronic pain in females may be disparities in sleep disruption [97, 98] . Despite the possibility that females may be more resilient to experimental sleep disruption, females have a nearly twofold prevalence of insomnia [99] . Together with the robust longitudinal literature indicating that sleep disturbances, particularly in females, are a risk factor for new onset chronic pain [8, 10, 100, 101] , the current data provide a compelling rationale to target insomnia symptoms in chronic pain prevention efforts in females.
Our finding of divergent, sex-dependent effects of FA on 2° HA and TS has important implications for chronic pain research, as it indicates that greater focus on the mechanisms underlying the similarities and differences between these distinct forms of central pain facilitation may yield important clues related to sex differences in chronic pain pathophysiology. Sex hormones are known to differentially modulate spinal nociception via multiple molecular pathways including, but not limited to alpha (2)-adrenergic, kappa opioid, and NMDA-receptor mediated hyperalgesia and/or antinociceptive circuitry [102] [103] [104] . Both 2° HA and TS involve NMDA receptor activation [51, 105] , which is upregulated by sleep deprivation. Mechanistic differences between 2° HA and TS are poorly understood, but available data indicate that they likely reflect distinct processes [106] [107] [108] . The most salient distinction between the two phenomena is that 2° HA is a heterosynaptic process, involving both A-and C-fibers, whereas TS is monosynaptic, induced via direct stimulation of C-fibers [108] . Preclinical work is need to replicate and disentangle the molecular mechanisms that may explain these findings.
Effects of FA on hPTH, pressure-pain threshold, cold pressor tolerance, and skin flare A secondary objective was to evaluate possible sex differences in pain threshold and tolerance, and skin flare response to capsaicin. Prior studies investigating various forms of sleep loss have largely neglected the examination of sex effects. We found that FA (1) reduced hPTH and CPT in a sex-independent manner, (2) had no detectable impact on pPTH, and (3) trended toward increasing the skin flare response similarly in males and females.
The finding that FA decreased hPTH independently of sex is in line with several mixed sex studies [15, 53] , and other studies observing increased sensitivity to suprathreshold heat pain stimuli [16, 17] . A recent study, however, found that one night of total sleep deprivation reduced hPTH in females, but not males [29] . It is unclear how to interpret this apparent inconsistency, though it could be related to differences in the two sleep loss paradigms. We also found that women estimated to be in the premenstrual phase of their cycle demonstrated significantly reduced hPTH. Prior studies, hampered by relatively small sample sizes, have yielded inconsistent results with respect to whether menstrual phase is associated with hPTH [109] [110] [111] .
With respect to CPT, our data are consistent with a recent study that one night of total sleep deprivation increased cold pressor pain ratings during a 2 min cold pressor task equally among 14 males and 13 females [112] . Other total sleep deprivation studies have not detected any significant effect of sleep deprivation on CPT [29] .
We did not detect any effect of FA on pPTH. To the best of our knowledge, this is the first study evaluating whether FA alters pPTH and therefore requires replication. Studies testing slowwave sleep-specific fragmentation on pPTH have yielded both positive [18, 113] and negative findings [114, 115] . One possible explanation for these inconsistencies may be due to differences in the degree of slow-wave sleep disruption/loss over time across protocols.
Finally, regarding skin flare response in the capsaicin model, we found that females were significantly more sensitive to skin flare, irrespective of sleep condition. This is consistent with at least two prior studies [40, 41] . Skin flare reflects a peripheral neurogenic inflammatory response to skin irritation [116] . Two studies suggest that habitual short-sleep and slow-wave sleep disruptions, respectively, are associated with heightened skin flare [38, 113] . Of note, the slow-wave sleep disruption study induced skin flare by pinching the skin rather than using a chemical irritant. We found that both men and women trended equally toward increased skin flare after FA. It is unclear whether the weaker effects observed are due to differences between acute sleep fragmentation and habitual insufficient sleep or different methods of inducing the flare response. Conversely, more prolonged sleep fragmentation/greater slow-wave sleep disruption might be required to induce heightened skin flare.
Limitations and future directions
This study has a number of limitations that should be considered. Although the current study is perhaps the largest study to date investigating the effects of any form of sleep deprivation on quantitative sensory-testing measures, larger samples with broader age ranges are needed to elucidate the complex interactions between sex, age, pain sensitivity, and CS. The extant literature, including this study, is limited to relatively young adults. Larger cohorts and study designs directly comparing multiple sleep loss paradigms are needed to tease apart which dimensions of sleep disruption and sleep loss alter specific measures of CS and pain sensitivity. It should be noted that 2° HA and TS are indirect measures of CS and that acute, experimentally induced alterations in these measures may not reflect CS changes associated with chronic sleep loss. Similarly, it is important to consider that these findings are derived from healthy pain-free individuals, using rigorous inclusion/exclusion criteria to ensure safety and minimize potential confounds. They may not necessarily translate to clinical populations and individuals whose nociceptive systems are altered by clinical pain conditions, medications, or substance of abuse. In addition, it should be noted that we did not include measures of pain inhibition in this study due participant burden concerns.
Future studies determining sex differences in sleep disruption-induced alterations in pain inhibition are warranted in light of total sleep deprivation findings [29] . The use of neuroimaging modalities is also needed to understand how supraspinal structures that modulate spinal sensitization are functionally affected by sleep loss. Another limitation is the use of sleep diaries to estimate menstrual phase in women, which is subject to imprecision due to variable cycle lengths and hormone fluctuations. The only two prior sleep deprivation studies evaluating the effects of sex on sleep loss and pain sensitivity utilized a similar approach, but also restricted the study to a specific menstrual phase. This may provide more control, but also limits generalization of the findings to the specific phase studied. Human studies of pain sensitivity changes across the menstrual cycle are inconsistent [109] [110] [111] [117] [118] [119] [120] . Future studies measuring hormones levels to provide a better estimate of cycle phase are needed. Despite these limitations, the current study provides compelling evidence that sleep disruption induces CS differentially in males and females. Studies identifying the molecular mechanisms of these effects are likely to contribute towards elucidating chronic pain pathophysiology. These experimental findings also support future intervention studies that target insomnia and sleep disturbance to prevent the risk of chronic pain and related disorders. 
